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Murine T cell development beginswith the generation
of a unique Vg5+Vd1+ epidermal gd T cell compart-
ment and a unique, more broadly distributed
Vg6+Vd1+ subset that is an important source of inter-
leukin-17 (IL-17). This study showed that these
respective functional programs were determined
by Skint-1, a thymic epithelial cell determinant.
By engaging Skint-1+ cells, Vg5+Vd1+ thymocytes
induced an Egr3-mediated pathway, provoking
differentiation and the potential to produce IFN-g
while suppressing the gd T cell lineage factor,
Sox13, and a RORgt transcription factor-associated
IL-17-producing capacity. Hence, the functions
of the earliest T cells are substantially preprog-
rammed in the thymus. Additionally, the phenotype
of Skint-1-selected fetal thymocytes permitted
identification in the adult thymus of an analogous
gene regulatory network regulated by the gd T cell
receptor. Hence, these observations describe a
molecular pathway by which distinct stress-respon-
sive lymphocyte repertoires may emerge throughout
ontogeny and offer parallels with emerging perspec-
tives on the functional selection of other lymphoid
cells.
INTRODUCTION
The generation of T lymphocyte antigen receptors by quasiran-
dom gene rearrangement confers the capacity to meet highly
diverse antigen challenges but can potentially create compart-
ments of cells with irrelevant specificities. To limit this, the ab
T cell compartment is focused via the selective development of
thymocytes that can engage complexes of peptides with autol-
ogous class I MHC and class II MHC, expressed by thymic
epithelial cells (TECs) and/or dendritic cells (DCs). gd T cells,
by contrast, are not restricted to recognizing polymorphic
MHC, with many of them viewed as composing lymphoid
stress-surveillance compartments, rapidly responsive to autolo-
gous stress-antigens. Indeed, tissue-associated gd T cells
reflect some of the body’s most highly focused lymphocytecompartments, and yet a pathway that might explain their selec-
tive development has not been described (Hayday, 2009).
In this regard, we and our colleagues recently used genetic
techniques to identify Skint1, an immunoglobulin superfamily
gene essential for the selective development of the T cell
receptor (TCR)-Vg5Vd1-expressing repertoire of murine
dendritic epidermal T cells (DETCs) (Boyden et al., 2008; nomen-
clature as in Heilig and Tonegawa, 1986). DETCs are examples of
intraepithelial lymphocytes (IELs), some of the most abundant
yet enigmatic of T cell compartments. Illustrative of IEL function,
DETCs play critical roles in cutaneous immune responses and
the protection of epithelial integrity (Girardi et al., 2002; Hayday,
2009; Jameson et al., 2002), and the importance of their TCR
repertoire is evident in the markedly increased susceptibility of
Vg5Vd1-deficient mice to cutaneous chemical carcinogenesis
(Strid et al., 2008). The protective antitumor role of gd T cells
has been in part attributed to their being an early source of inter-
feron-g (IFN-g) (Gao et al., 2003).
Skint-1 is specifically expressed by TECs and keratinocytes.
FVB mice from Taconic Farms, hereafter termed FVB.Tac, lack
wild-type (WT) Skint-1 function and display an unfocused
DETC compartment, expressing diverse gd TCRs. By contrast,
their other gd cell and ab T cell compartments appear largely
normal (Lewis et al., 2006). As an example of an MHC-unrelated,
epithelial molecule that exerts such effects, Skint-1 should offer
unique insights into how focused, tissue-associated T cell reper-
toires arise.
DETC progenitors develop from the first wave of fetal liver-
derived cells to enter the thymus, at around embryonic day 14
(E14) (Havran and Allison, 1988). These thymocytes preferentially
rearrange the Vd1 and Vg5 loci, failing which they can attempt
rearrangement of the genes that encode Vg6 (Heyborne et al.,
1993). Resulting Vg6+Vd1+ cells form highly restricted intraepi-
thelial compartments in the uterus and tongue and may also
populate the lung and peritoneum. By contrast to DETC produc-
tion of IFN-g, Vg6+Vd1+ cells, together with other gd cell subsets,
can be critical early sources of interleukin-17 (IL-17) during infec-
tion and/or autoimmune disease (O’Brien and Born, 2010; Roark
et al., 2007; Shibata et al., 2008; Simonian et al., 2009; Sutton
et al., 2009; Umemura et al., 2007).
Unlike for DETCs, no critical epithelial determinant has been
identified for Vg6+Vd1+ cells, leaving open the intriguing possi-
bility that they emerge by default from thymocytes that cannot
engage Skint-1+ cells. Such a situation would evoke the report
that the progenitors of adult IFN-g-producing gd cells engageImmunity 35, 59–68, July 22, 2011 ª2011 Elsevier Inc. 59
WT Ta
c
WT Ta
c
0
2
4
6
8
10
WT Ta
c
WT Ta
c
0
10
20
30
40
WT Ta
c
WT Ta
c
0
1
2
3
E15 E16 E15 E16 E15 E16
A
0.642
22.8
2.13
0.22
1.05
56.4
WT TacB
5.59
77.616.6
57.8
27.114.1
48.9 35.5
WT TacC
WT Ta
c
WT Ta
c
0
5
10
15
20
0
2
4
6
8
10
WT Ta
c
WT Ta
c
E15 E16 E15 E16
D
X
c
l1
C
t
s
w
T
b
x
2
1
TCRδ
Vγ
5V
δ1
IL-17A
IF
N
-γ
TCRδ
Vγ
5V
δ1
NK1.1
CD
27
R
o
r
c
S
c
a
r
t
2
Vγ
5+ δ
+
Vγ
5- δ
+
Vγ
5+ δ
+
Vγ
5- δ
+
Vγ
5+ δ
+
Vγ
5- δ
+
Vγ
5+ δ
+
Vγ
5- δ
+
0
20
40
60
80
0
5
10
15
20
Vγ
5+ δ
+
Vγ
5- δ
+
Vγ
5+ δ
+
Vγ
5- δ
+
Vγ
5+ δ
+
Vγ
5- δ
+
Vγ
5+ δ
+
Vγ
5- δ
+
0
10
20
30
Vγ
5+ δ
+
Vγ
5- δ
+
Vγ
5+ δ
+
Vγ
5- δ
+
Vγ
5+ δ
+
Vγ
5- δ
+
Vγ
5+ δ
+
Vγ
5- δ
+
0
2
4
6
8
10
Vγ
5+ δ
+
Vγ
5- δ
+
Vγ
5+ δ
+
Vγ
5- δ
+
Vγ
5+ δ
+
Vγ
5- δ
+
Vγ
5+ δ
+
Vγ
5- δ
+
E15 E16 E15 E16
E15 E16 E15 E16
E
S
o
x
1
3
B
lk
B
c
l1
1
b
C
p
a
3
Figure 1. Altered Functional Maturation of FVB.Tac Vg5 Thymocytes
(A) Expression of Xcl1, Ctsw, and Tbx21 in flow cytometry-purified E15 and
E16 Vg5+ thymocytes was analyzed by real-time RT-PCR.
(A, D, E) Graphs show means ± SEM; assay performed in triplicates.
(B) E16 FVB.WT and FVB.Tac fetal thymocytes were stimulated with PMA
and ionomycin for 4 hr in presence of Brefeldin A, and production of IFN-g and
IL-17A was detected by intracellular flow cytometry analysis; figures repre-
sentative of four independent experiments. Numbers denote percentages of
cells in designated gates.
(C) Flow cytometry analysis of E16 fetal thymocytes in WT and Tac mice
stained for TCRd, TCRVg5Vd1, NK1.1, and CD27; plots representative of three
independent experiments.
(D) Expression of Rorc and Scart2 by FVB.Tac and WT E15 and E16 fetal
thymocytes was analyzed by real-time RT-PCR.
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60 Immunity 35, 59–68, July 22, 2011 ª2011 Elsevier Inc.TCR ligands in the thymus, whereas the progenitors of adult
IL-17-producing gd cells do not, possibly sustained by low-
strength signals resulting from spontaneous dimerization of
the gd TCR (Jensen et al., 2008). Nonetheless, no molecular
mechanism was described for how ‘‘differential signaling’’ might
translate into distinct functional potentials, and no experimental
results have hitherto connected Skint-1-dependent DETC differ-
entiation with the TCR-influenced differentiation of adult gd cells.
Hence, the prospect of a common functional selection pathway
for gd cells has remained unresolved. This study investigates
this issue, by elucidating the mechanism of Skint-1-mediated
selection of DETC progenitors, and by then seeking parallels to
it in the adult thymus. The study shows that fetal Vg5+Vd1+
thymocytes that can engage Skint-1+ TEC suppress expression
of Sox13 and RORgt and the potential to produce IL-17, by acti-
vating an Egr3, NFAT, NF-kB gene regulatory network that
commits cells to IFN-g production and associated phenotypic
markers. Of note, the same gene regulatory network can be iden-
tified in adult gd thymocytes of equivalent phenotypic and func-
tional features and is regulated by TCR engagement. Thus, the
study identifies a commonmechanism by which distinct subsets
of functionally preprogrammed gd T cells may arise throughout
ontogeny.
RESULTS
Skint-1 Promotes Functional Differentiation
Although DETC progenitor maturation is defective in FVB.Tac
mice, Vg5+Vd1+ cells (detected with a clonotypic antibody,
17D1, and with a Vg5 antibody, 536) are present in E14-E16.5
fetal thymi in comparable numbers to WT FVB mice (Lewis
et al., 2006) and showed comparable rates of proliferation (see
Figure S1A available online). Moreover, in both strains, essen-
tially all Vg5+ thymocytes sit within the Vg5+Vd1+ progenitor
pool, at least until E17 (Lewis et al., 2006). This permitted the
direct comparison of genes expressed by WT Vg5+ cells that
received a TEC-derived Skint-1 signal, from FVB.Tac Vg5+ cells
that did not. Note that the Skint1 mutation is the only difference
between FVB.Tac and WT FVB mice (Boyden et al., 2008). Illu-
mina transcriptome profiling coupled to quantitative RT-PCR
identified a set of differentially expressed genes that provided
key clues as to the molecular mechanism of Skint-1-mediated
selection (Table S1).
The first observation was that the genes overexpressed byWT
E15 and E16 FVB thymocytes included many associated with
mature DETC function: e.g., lymphotactin (Xcl1), a chemokine
highly expressed by DETC (Boismenu et al., 1996); cathepsin
W (Ctsw), a cysteine protease associated with the cytolytic func-
tion of CD8+ T cells and NK cells (Ondr and Pham, 2004) that is
a property of DETC; and Tbx21, encoding the transcription factor
T-bet that in large part determines the functional differentiation of
IFN-g-producing cytolytic T cells such as CD8+ T cells, NK cells,
and mature DETC (Figure 1A; Girardi et al., 2001; Szabo et al.,
2000). By E15, Xcl1 was already overexpressed 175-fold by
WT thymocytes and was differentially sustained through E16.(E) Expression of Sox13, Blk, Bcl11b, and Cpa3 in flow cytometry-sorted Vg5+
and Vg5 fetal gd T cells was assayed by real-time RT-PCR.
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Figure 2. Skint-1-Dependent Selection Is Mediated by Egr3, NFAT,
and NF-kB
(A) Egr3 expression in flow cytometry-purified Vg5+ fetal thymocytes was
assessed by real-time RT-PCR (A, F). Data are means of triplicates ± SEM.
(B and C) E15 FVB.Tac fetal thymus cells were transduced with Skint1-IRES-
GFP (B), Egr3-IRES-GFP (C) retrovirus, or GFP alone as control, reaggregated,
and analyzed after 6 days of culture. Plots are gated on viable lymphoid cells
(B) or viable GFP+ cells (C); numbers indicate percentages of cells in desig-
nated gates. Representative of five (B) and three (C) independent experiments.
(D) E14 FVB.WT fetal thymi were cultured in presence of an NFAT inhibitor
INCA-6 (20 mM) for 6 days and analyzed by flow cytometry. Plots are gated on
viable lymphoid cells and are representative of two independent experiments.
(E) E14 FVB.WT RTOCs were transduced with an IkBa super-repressor and
analyzed 6 days postaggregation. Upper plots are gated on viable GFP+
events; representative of three independent experiments.
(F) Vg5+ thymoctes were purified from cultures as in (D) and (E) by flow
cytometry, and Tbx21 expression was analyzed by real-time RT-PCR.
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of WT FVB, E16, Vg5+Vd1+ thymocytes activated in vitro with
PMA+ionomycin for 4 hr showed substantive intracellular
IFN-g staining, whereas this was not so for E16 FVB.Tac coun-
terparts (Figure 1B). Likewise, FVB.Tac Vg5+Vd1+ thymocytes
showed negligible granzyme B staining (Figure S1B). Hence,
Skint-1 promotes the functional differentiation of Vg5+Vd1+
thymocytes as early as E15.
The Phenotype of Skint-1 Nonselected Cells
In the absence of Skint-1, one might have hypothesized that
Vg5+Vd1+ cells would fail to acquire functional competence
(Lewis et al., 2006). This proved incorrect because >50% of
such thymocytes from FVB.Tac responded to PMA+ionomycin
by producing IL-17A (Figure 1B). Most FVB.Tac Vg5+Vd1+ fetal
thymocytes were CD27NK1.1, in common with thymic
progenitors of IL-17A-producing spleen and lymph node gd cells
(Figure 1C), and, relative to WT, expressed exponentially more
mRNA for Scart2, another marker of IL-17A-producing periph-
eral gd cells (Kisielow et al., 2008), and for Rorc that encodes
the transcription factor, RORgt, seemingly essential for IL-17A
production (Figure 1D; Ivanov et al., 2006). Conversely, WT
Vg5+Vd1+ fetal thymocytes were mostly CD27+NK1.1+ (Fig-
ure 1C), the phenotype reported for thymic progenitors of
splenic, IFN-g-producing gd cells (Haas et al., 2009; Ribot
et al., 2009). This phenotype was largely missing from fetal
FVB.Tac mice, albeit that there were some CD27loNK1.1+ cells
that did not functionally mature as CD45RBhi cells. Note that
after stimulation, the substantial frequencies of WT and FVB.Tac
Vg5+Vd1+ fetal thymocytes expressing IFN-g and IL-17A,
respectively (Figure 1B), argue against the possibility that the
differential gene expression patterns described reflect differ-
ences between minor subpopulations in the two strains.
Another unanticipated observation was that relative to WT
Vg5+ thymocytes, E15 FVB.Tac Vg5+ thymocytes already over-
expressed mRNA for Sox13, reported to be a gd T cell lineage
marker (Melichar et al., 2007); Blk, a kinase recently implicated
in gd cell development (Laird et al., 2010; Tretter et al., 2003);
Bcl11b, a transcription factor required for the commitment,
development, and survival of T lineage cells (Ikawa et al., 2010;
Li et al., 2010a, 2010b; Wakabayashi et al., 2003); and Cpa3,
a mast cell carboxypeptidase also expressed by early T cell
progenitors (Figure 1E; Feyerabend et al., 2009). The strong
expression of these genes, particularly Sox13, suggested that
in the absence of Skint-1 selection, Vg5+Vd1+ cells in FVB.Tac
mice differentiate as bona fide gd cells, as opposed to adopting
an ab T cell fate, aswas previously considered for gd cell progen-
itors that experience a developmental block (Dudley et al., 1995;
Pardoll et al., 1987). Entirely consistent with this, genes differen-
tially expressed by Vg5+Vd1+ cells in FVB.Tac versus WT mice
were to a first approximation comparably expressed by non-
Vg5+Vd1+ fetal thymocytes in both WT and FVB.Tac mice (Fig-
ure 1E), suggesting that this is the state of a ‘‘consensus gd
progenitor’’ that has not been selectively influenced by Skint-1.
Although some such consensus genes were expressed slightly
less in non-Vg5+Vd1+ cells from WT versus FVB.Tac mice, there
was on aggregate no substantial effect of the Tac Skint1
mutation on the Vg5 compartment. By contrast, expression of
many of the ‘‘gd-consensus’’ genes by WT Vg5+Vd1+ thymo-cytes was negligible (Figure 1E). Thus, Skint-1 appears to divert
thymocytes away from a Sox13+, RORgt+ state, initiating their
functional differentiation as T-bet+ DETC progenitors with pre-
programmed potential to express IFN-g.
The Mechanism of Skint-1-Mediated Effects
To elucidate how Skint-1 exerts its effects, we noted that the
mRNA for the transcription factor Egr3 was highly enriched in
WT E15-E16 Vg5+Vd1+ thymocytes (Figure 2A). Egr2 was also
overexpressed in WT, but not to the extent of Egr3, and Egr1Immunity 35, 59–68, July 22, 2011 ª2011 Elsevier Inc. 61
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date for mediating the effects of Skint-1 because it is known to
induce Id proteins (Lauritsen et al., 2009) that can suppress the
E-protein-mediated transcription of the Rorc gene, and because
Egr3 and RORgt proteins reportedly antagonize each other (Xi
et al., 2006). We therefore directly tested whether Egr3 gain-of-
function would complement Skint-1 deficiency.
Fetal thymic organ cultures (FTOC) and reaggregate thymic
organ cultures (RTOC) can support early T cell progenitor differ-
entiation into either gd or ab T cells. Moreover, both thymocytes
and stromal cells can be transduced with recombinant retrovi-
ruses so as to assess whether genes can complement mutations
in strains from which FTOC or RTOC are derived (Travers
et al., 2001). Thus, transduction of FVB.Tac FTOCwith full-length
WT Skint1 successfully complemented the Tac.Skint1 mutation
in a Vg5+ T cell-extrinsic manner, as shown by the expansion
of TCRhiVg5+Vd1+ fetal thymocytes, and their acquisition of
CD45RBhi expression, a defining maturation marker for Skint-
1-mediated DETC progenitor selection (Figure 2B; Barbee
et al., 2011; Lewis et al., 2006). Of note, transduction of FVB.Tac
FTOC with Egr3 rescued in a thymocyte-intrinsic manner the
same defining defects associated with Skint-1 deficiency:
namely, expansion and differentiation of transduced Vg5+Vd1+
fetal thymocytes, with almost complete acquisition of the
CD45RBhi phenotype (Figure 2C). This capacity of Egr3 to
complement the FVB.Tac deficiency supports the hypothesis
that Skint-1+ TEC selectively activate Egr3 in Vg5+Vd1+ fetal
thymocytes, thereby committing them toward maturation and
functional differentiation as DETC.
The positive regulation of Egr3 has previously been attributed
to the actions of NFAT and NF-kB, and the activation of
a complex of transcription factors, serum response factor
(SRF) and SAP-1, by Erk (Costello et al., 2010; Mages et al.,
1998). To assess possible roles of these in Skint-1-induced-
Egr3 activation, FTOC were supplemented with inhibitors of
Erk and NFAT. Erk inhibition had no effect on DETC progenitor
maturation (Figure S2B), evoking the situation in TCR-agonist-
mediated negative selection of conventional T cell progenitors
(McGargill et al., 2009). Moreover, no overt alteration in the
canonical DETC compartment was noted in mice in which
thymocytes are defective in SRF or its cofactor, SAP-1 (data
not shown). Conversely, NFAT inhibitors, including INCA-6,
reduced the numbers of DETC progenitors, and their NK1.1
expression (Figure 2D). Because INCA-6 (unlike cyclosporine A
and FK506) is an inhibitor of calcineurin-specific interactions
with NFAT (Roehrl et al., 2004), its effects strongly implicate
the calcineurin-NFAT pathway in Skint-1-mediated DETC
progenitor maturation. Use of a nondegradable allele of IkBa,
that thereby inhibits NF-kB signaling, did not affect numbers of
Vg5+Vd1+ DETC progenitors, but severely inhibited NK1.1
expression (Figure 2E), likewise implicating NF-kB signaling in
some components of the Skint-1 selection pathway. Indeed,
inhibition of either pathway resulted in the overt downregulation
of Vg5+ thymocyte expression of Tbx21 (T-bet) (Figure 2F),
consistent with its differential expression between WT and
FVB.Tac Vg5+Vd1+ fetal thymocytes ex vivo (Figure 1A). The ex-
perimental failure of either NFAT or NF-kB inhibition to diminish
all aspects of the Skint-1-selected phenotype may argue
that these pathways do not account for all the effects of Skint-162 Immunity 35, 59–68, July 22, 2011 ª2011 Elsevier Inc.on Vg5+Vd1+ thymocytes. Thus, Skint-1-dependent functional
selection of Vg5+Vd1+ fetal thymocytes is mediated by Egr3 in
cooperation with NFAT and NF-kB.
Egr3, Sox 13, and RORgt Differentially Regulate gd Cell
Development
Thus far, the data permit the hypothesis that the functional fate of
thymocytes in the first wave of T cell development is determined
by the relative stoichiometry of key transcription factors: Egr3
diverts Vg5+Vd1+ progenitors toward a DETC phenotype in WT
mice, whereas in cells that cannot select on Skint-1, RORgt
and Sox13 jointly sustain a consensus gd progenitor phenotype
with strong potential to produce IL-17. To test this directly, the
relative stoichiometries were perturbed by recombinant retro-
viral transduction of WT FVB RTOC. RORgt overexpression
had little effect on CD27 expression, and only a small effect on
NK1.1 expression, but prevented CD45RBhi acquisition in
75% of thymocytes and conferred competence to produce
IL-17A on >50%of the cells, compared to <5% inWT (Figure 3A).
Conversely, Sox13 overexpression had little effect on CD45RBhi
acquisition and did not promote IL-17 production, but it substan-
tially impaired NK1.1 expression and led to an accumulation of
CD27 cells (Figure 3A). Thus, when overexpressed, these tran-
scription factors work discretely and collaboratively to determine
the ‘‘FVB.Tac phenotype’’ even in WT Vg5+ thymocytes. This
was confirmed by using individual (IRES-Plum and IRES-GFP)
vectors to jointly transduce WT FVB.RTOC with Sox13 and
Rorc, in which case most Plum+GFP+ cells adopted the
CD27NK1.1CD45RBlo phenotype, characteristic of FVB.Tac,
whereas this was not the case for either Plum+GFP or
PlumGFP+ cells (Figure 3B; Figure S3A).
Sox13 transduction also promoted IL-7 receptor upregulation
(Figure 3C) and increased IL-7-dependent survival of gd thymo-
cytes (Figure S3B), whereas transduction with a vector encoding
stabilized b-catenin, which is mutually antagonistic with Sox13
(Melichar et al., 2007), essentially abrogated IL-7R expression
(Figure S3C). Although FVB.Tac thymocytes at E16 did not
express increased IL-7R or Il7ra RNA relative to WT (Figures
S3DandS3E), thisphenotypewasacquiredascells arepermitted
to develop in RTOC (Figure S3F), and high IL-7R is indeed a dis-
tinguishing phenotypic feature of adult CD27 gd T cells compe-
tent to produce IL-17 (Baccala et al., 2005; data not shown). We
therefore propose that an upregulation of IL-7R is a late differen-
tiation effect of Sox13 that may contribute toward the develop-
ment of Skint-1-independent CD27NK1.1 IL-17A-producing
gd cells by improving the cells’ utilization of available IL-7.
Conversely, when Egr3 was introduced into FVB.Tac thymo-
cytes that had not been exposed to Skint-1+ TEC, it diverted
them away from the key functional phenotype of nonselected
cells: thus, whereas PMA+ionomycin stimulation provoked
IL-17A production by 100% of GFP+Vg5+ cells in E14 FVB.Tac
FTOC transduced with a GFP control vector, this was reduced to
50% of GFP+ cells by transduction with GFP-IRES-Egr3
construct (Figure 3D). Although essentially all such cells also
expressed CD45RBhi (Figure 2C), they did not fully recapitulate
all phenotypic characteristics of WT E16 thymocytes, either
because Egr3 collaborates with other factors, yet to be defined,
or that the experimental system does not allow the full pene-
trance of the Egr3-regulated phenotype (or both). In sum, the
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Figure 4. Vg5+ T Cells Developing in the Absence of Skint-1 Display
Properties Characteristic of Vg6+ Cells
(A) Vg5+ T cells are present in the uterus of FVB.Tacmice. Uterine lymphocytes
were analyzed by flow cytometry; upper plots are gated on viable CD45+
TCRd+ cells, whereas lower histograms show CD27 expression by Vg5+ (solid
black line) and Vg5 (shaded gray) uterine gd T cells.
(B) Uterine IELs were stimulated with PMA and ionomycin, and production of
IL-17A and IFN-g was analyzed by flow cytometry (top and bottom). Plots are
gated as indicated. Simultaneous staining with the 17D1 and GL3 antibodies
captures all Vg6+Vd1+ cells and Vg5+Vd1+ cells; subsequent use of the 536
antibody shows this capture to contain a discrete Vg5+Vd1+ population in
FVB.Tac mice (right middle), that is negligible in WT mice (left middle). Like the
total uterine gd cell population, these Vg5+Vd1+ cells are enriched in IL-17A
potential versus IFN-g potential (bottom).
Data shown are representative of three independent experiments.
A C
D
B
Figure 3. Sox13 and RORgt Collaboratively but Differentially Define
Vg5+Vd1+ T Cell Development in the Absence of Skint-1
(A) E14 WT RTOCs were transduced with retroviral vectors encoding for
Sox13, RORgt, or GFP as a control, and analyzed 6 days postaggregation by
flow cytometry. Upper plots are gated on viable GFP+ cells, then as indicated;
representative of four independent experiments. Numbers indicate percent-
ages of cells in designated gates.
(B) WT RTOCs were cotransduced with Sox13-IRES-Plum and RORgt-IRES-
GFP or empty vectors as controls and analyzed 6 days postaggregation.
Plots are gated on Plum+GFP+ double transduced cells; numbers indicate
percentages of cells in designated gates.
(C) E14 FVB.WT fetal thymocytes were transduced as in (A), and IL-7Ra
expression was analyzed by flow cytometry after 8 days of culture. Histograms
gated on viable GFP+Vg5+Vd1+ cells; representative of three independent
experiments.
(D) E14 FVB.Tac RTOCs were transduced with Egr3 or control GFP retrovirus,
cultured for 4 days, dissociated, and stimulated with PMA and ionomycin for
4 hr in the presence of Brefeldin A; data representative of two independent
experiments.
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Molecular Control of gd T Cell Lineage ChoiceIL-17-expressing potential of Tac Vg5+Vd1+ thymocytes is
conferred jointly by Sox13 and RORgt and is antagonized by
Egr3.
Functional Manifestation of Skint-1 Selection
The respective properties of Vg5+Vd1+ cells that can or cannot
engage Skint-1+ TEC evoke the properties of DETC and periph-
eral Vg6+Vd1+ cells, respectively, suggesting that the latter may
ordinarily derive via a default pathway from WT thymocytes
that cannot be influenced by Skint-1. Indeed, consistent with a
failure to select as DETC progenitors, Vg6+Vd1+ cells commonly
contain out-of-frame Vg5 gene rearrangements (Heyborne
et al., 1993). This parsimonious model of T cell developmentpredicts that in the absence of Skint-1 function in FVB.Tac
mice, some Vg5+ cells may atypically adopt the fate of peripheral
WT Vg6+Vd1+ cells, because they cannot register their expres-
sion of Vg5Vd1. Consistent with this, the representation of
Vg5+ cells among uterine gd cells was increased at least 7-fold
relative to WT (Figure 4A), essentially all of them being CD27.
The uterine cells were further examined by first staining with
anti-TCRgd reagent, GL3, and then with antibody, 17D1, which
captures both Vg6+Vd1+ and Vg5+Vd1+ cells. Upon stimulation,
>95% of such cells produced IL-17A, and when reanalyzed,
a Vg5+ subpopulation that was negligible in WTmice was clearly
present in FVB.Tac mice, and this subpopulation also produced
IL-17 rather than IFN-g (Figure 4B). Likewise, there was in
FVB.Tac mice a comparable expansion of Vg5+ cells among
the IL-17A-producing population of the peritoneal cavity (Fig-
ure S4). Importantly, back-gating revealed negligible Vg5+ cells
among those expressing IFN-g, consistent with their failure to
adopt the signatory Vg5+ phenotype of WT mice. Hence, some-
what akin to a binary switch, when Skint-1 can be engaged it
selectively drives Vg5+Vd1+ thymocytes toward a T cell pheno-
type critical for the functional integrity of the epidermis (Girardi
et al., 2002; Jameson et al., 2002; Strid et al., 2008), whereas
when it cannot be engaged (the ‘‘off’’ position), thymocytes
differentiate by an alternative pathway, populating the uterus,
lung, tongue, and peritoneum, where their rapid production of
IL-17 makes critical contributions to immunoprotection (Bonne-
ville et al., 2010; Shibata et al., 2008).Immunity 35, 59–68, July 22, 2011 ª2011 Elsevier Inc. 63
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Figure 5. Molecular Signatures of Skint-1-Mediated Selection Are
Conserved in the Adult
(A and B) Flow cytometry analysis of surface marker expression (A) and
cytokine production (B) by adult thymic gd T cells; plots representative of four
(A) and two (B) independent experiments.
(C) Relative expression of Egr3, Tbx21, Sox13, and Rorc in flow cytometry-
sorted populations of adult thymic gd T cells.
(D) TCR signaling controls the expression of Egr3, Sox13, and Egr3 by thymic
gd T cells after 16 hr of stimulation with TCR antibody.
Data shown are means of triplicates ± SEM.
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A functional dichotomy between IFN-g- and IL-17-producing
cells also exists in the spleen and lymph node compartments
of adult mice and has been largely attributed to thymic develop-
mental preprogramming, as opposed to peripheral plasticity
(Jensen et al., 2008). Differentiation toward CD27+ IFN-g-
producing cells is seemingly favored by intrathymic ligand
engagement of the TCR and of CD27 (Jensen et al., 2008; Ribot
et al., 2010), but the underlying mechanisms are unresolved. We
therefore investigated whether Egr3, Sox13, and Rorc expres-
sion segregated with differentially developing adult gd thymo-
cyte subsets, analogous to the situation in the fetus.
In preliminary experiments, these genes failed to segregate
simply with CD27 expression (data not shown). This may be
because CD27 is expressed not only by thymocytes differenti-
ating toward an IFN-g-producing phenotype, but also by early
TCRgd+ progenitors (Ribot et al., 2009). We therefore revised
the analysis, guided by the finding that thymocytes differenti-
ating toward respective fates are identified by multiple parame-
ters: CD27, NK1.1, CD45RB, and IFN-g or IL-17 production,
respectively (Figure 5). Essentially all CD27+NK1.1+ cells were
CD45RBhi and this compartment was conspicuously enriched
in Egr3 and Tbx21 while noticeably depleted of Sox13 and
Rorc mRNAs that were by contrast enriched in CD27 cells,64 Immunity 35, 59–68, July 22, 2011 ª2011 Elsevier Inc.and in CD27+CD45RBint cells (Figures 5A and 5C). Moreover,
back-gating showed that essentially all cells with the potential
to rapidly make IFN-g were contained within the CD27+NK1.1+
gate (such cells are all CD45RBhi), whereas IL-17 potential sat
exclusively within the CD27NK1.1 compartment (Figure 5B).
These results demonstrate strong functional cosegregation
with the expression profiles of Egr3 and Tbx21, and Sox13 and
Rorc, respectively. Most probably, the CD27+CD45RBint subset
includes cells that have not completed differentiation toward
either of the two functionally competent subsets.
The segregation of transcription factors and phenotype was
further investigated by culturing thymic gd T cells with plate-
bound agonist anti-TCRd for 1 day. Relative to control cultures,
this upregulated Egr3 and suppressed expression of Sox13
and Rorc (Figure 5D). Therefore, the molecular events that are
selectively triggered by Skint-1 and that account for its effects
are the same as those triggered by TCR engagement of adult
gd thymocytes.
DISCUSSION
Skint-1 is a molecule specifically expressed by thymic and
epidermal epithelial cells and dictates the selective development
of a key subset of intraepithelial T cells. As such, Skint-1 is a key
component of the Epimmunome (Swamy et al., 2010). This study
provides mechanistic insight into how Skint-1 functions. Skint-1
acts upon early fetal thymocytes but does not seem to determine
a life-or-death choice. Rather, Vg5+Vd1+ cells that can engage
Skint-1+ cells upregulate Egr3 that, as early as E15, determines
a differentiated phenotype and potential for IFN-g production,
compatible with the peripheral function of DETC. Conversely,
and by contrast with our earlier inferences, Vg5+Vd1+ cells can
differentiate in the absence of Skint-1, but with a distinct pheno-
type associated with IL-17 production and with homing to the
uterus and peritoneum. Nonetheless, Vg5+Vd1+ cells do not
seem to thrive in these atypical environments, and although
they are 7- to 8-fold enriched in FVB.Tac mice, they remain
a minority compared to Vg6+Vd1+ cells. This implies selective
TCR-dependent interactions with specific tissues that have
long been considered but which remain undefined.
Our model predicts that ‘‘substitute,’’ Vg5 DETC that belat-
edly populate FVB.Tac epidermis arise as a result of surrogate
Skint-1 interactions, possibly with other Skint family members.
Consistent with this, comprehensive gene profiling shows such
cells to be essentially identical to conventional DETC (e.g.,
IFN-g-producing) (data not shown). Indeed, the defect in skin
immunity in FVB.Tac mice (Lewis et al., 2006) most probably
reflects the failure of cells with nonfocused specificities to
respond to appropriate challenges.
Our findings strongly reinforce the emerging view that the
functions of lymphoid stress-surveillance compartments are
largely preprogrammed, consistent with the need for them to
be rapidly responsive (Hayday, 2009; Jensen et al., 2008; Ribot
et al., 2009). Indeed, although not all peripheral Vg6+Vd1+ cells
become IL-17 producers, they rarely if ever become IFN-g
‘‘single producers.’’ Germane to Skint-1-mediated selection of
fetal thymocytes, developmental preprogramming may be
particularly important in equipping the neonate with immuno-
competent compartments to protect body surfaces against
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display precocious functional competence prior to ab T cells in
mice and in humans (De Rosa et al., 2004; Gibbons et al.,
2009) and are essential for neonatal protection against infections
to which ab T cells provide protection in adults (Ramsburg et al.,
2003).
Functional preprogramming is probably shared with other
unconventional T cells, e.g., agonist-selected NKT cells (Michel
et al., 2007) and possibly with functionally potent, lymphoid-
like cells, such as those that produce large amounts of IL-13
and IL-17, respectively (Buonocore et al., 2010; Neill et al.,
2010). Restricting discrete functional potentials to cells with
particular specificities may be a critical component of repertoire
selection and tolerance, because severe immunpathologies may
arise when this is lost. For example, immunopathologies in the
gut and in the pancreas have been linked to cells atypically
producing both IL-17 and IFN-g (Annunziato et al., 2007;
Bending et al., 2009). Limiting such inappropriate functional
potential would seem as important as purging adaptive reper-
toires of unwanted specificities. Hence, the mechanisms under-
lying selective functional differentiation are of considerable
interest.
We show here that the defining defects in Skint1 mutant mice
can be effectively complemented by the provision to thymocytes
of Egr3. Although Egr1 and Egr2 might share this functional
capability, the striking enrichment of Egr3 in Skint-1-selected
thymocytes suggests that under normal circumstances this is
the key mediator of Skint-1 function. Egr3 acts to induce
Tbx21 and to suppress Sox13 and Rorc, which are both upregu-
lated in FVB.Tac Vg5+Vd1+ thymocytes, and which, when over-
expressed in WT Vg5+Vd1+ thymocytes, jointly promote the
Skint-1-‘‘nonselected’’ phenotype, including a direct capacity
of RORgt to dictate IL-17 differentiation. These properties
of Egr3 are consistent with a mutual antagonism of RORgt
and Egr proteins (Xi et al., 2006). Although Skint-1 action upregu-
lates Egr3 above a critical threshold at a key time point in thymo-
cyte development, it may not account for all Skint-1-mediated
influences upon Vg5+ cells, with NF-kB and NFAT being likely
collaborators of Egr3. Moreover, Skint-1 is unlikely to be the
sole regulator of Egr3 that might, for example, be subsequently
sustained by tonic TCR signaling. However, by the time that
Egr3 increases in expression in nonselected cells, RORgt will
be strongly expressed with the consequent potential to limit
the action of Egr3.
The data presented in this study clearly evoke the evidence
that postnatal gd thymocytes engaging TCR-ligand differentiate
toward IFN-g production, whereas those that do not differentiate
toward IL-17 production (Jensen et al., 2008). However, no
mechanism for this was provided. By showing in adult gd thymo-
cytes the reciprocal segregation of Egr3 versus Sox13 and
RORgt with the IFN-g and IL-17 phenotypes, respectively, and
by showing that Egr3 versus Sox13 and Rorc are differentially
regulated by TCR signaling, we consider that Skint-1-induced
selection describes a gene regulatory network underpinning
the functional maturation of many agonist-selected gd cell
subsets throughout ontogeny. This does not, however, demand
that Skint-1 directly engages the TCR, as opposed to activating
the Egr3 pathway by closely related mechanism(s). Biochemical
resolution of the relationship between Skint-1 and the TCR has todate been confounded by poor surface expression of the Skint1
gene product (Barbee et al., 2011).
Although some cells that cannot be selected by the collective
actions of Egr3, NF-kB, and NFAT adopt a default potential
for IL-17 production, this is clearly not true for all gd cells.
For example, Sox13 is expressed in the adult by a large subset
of CD27+NK1.1 thymocytes devoid, at that stage, of both
IFN-g- and IL-17-producing potential. This subset may include
‘‘preselection’’ gd cells and/or gd T cell progenitors that develop
according to a more conventional pathway that does not involve
agonist-mediated functional preprogramming. Indeed, there
is evidence that the gd T cell compartment comprises both
agonist-selected innate-like cells and adaptive, clonally ex-
panded cells (Hayday, 2009).
Prima facie the downregulation of Sox13 expression in Skint-
1-dependent DETC progenitors might seem inconsistent with
the description of Sox13 as a gd-lineage marker (Di Santo,
2009; Melichar et al., 2007). However, this is consistent with
the relatively mild effects of Sox13 deficiency on DETC formation
(Melichar et al., 2007). Moreover, we show analogous Sox13
mRNA extinction in adult TCRgd+, CD27+, NK1.1hi, CD45RBhi
Egr3-expressing thymocytes, evoking other claims that Sox13
is not a reliable gd-lineage marker (Kreslavsky et al., 2008; Laur-
itsen et al., 2008). This notwithstanding, Sox13 is expressed in
the adult thymus by the large CD27+NK1.1 subset that we
consider to include preselection gd thymocytes. We therefore
propose that Sox13 may, among other things, enhance IL-7
responsiveness for the survival of such thymocytes, and that
this may no longer be so important for cells that induce the
Egr3 program by engaging Skint-1+ cells and/or TCR ligands.
This model evokes evidence that gd progenitors have higher
levels of IL-7R (Kang et al., 1999) and would imply that one effect
of Sox13 deficiency on gd cells is to diminish progenitor survival.
This first mechanistic insight into gd cell-positive selection by
Skint-1 might seem quite different to the life-or-death decisions
that characterize ab T cell selection. However, it is increasingly
clear that TCR-based selection may also divert TCRab+ thymo-
cytes toward different functional fates, notably effector or regu-
latory potential (Jordan et al., 2001). It has likewise been
proposed by Singer and colleagues that positive selection of
TCRab+ thymocytes on MHCII-restricted peptides diverts them
toward helper T cell differentiation and away from continued
dependence on IL-7 that subsequently regulates cytolytic
T cell differentiation (Park et al., 2010a). Hence, mechanisms
underpinning developmental gd cell preprogramming such as
those elucidated here may prove informative to revised perspec-
tives on ab T cell selection.
There remain many questions to answer; in particular, what
has led, evolutionarily, to the association of particular receptors
with particular functions in particular sites: i.e., epidermal Vg5+
cells with IFN-g; genital or peritoneal Vg6+ cells with IL-17;
MHC class I-restricted cells with cytolysis? In this regard, there
are other postnatal Vg1+Vd6.3+ NKT-like gd cells that comprise
10%–20% of gd cells and whose differentiation is regulated by
the transcription factors, PLZF, and ThPOK. Given that the
induction of these factors has also been related to TCR signaling
(Alonzo et al., 2010; Kreslavsky et al., 2009; Park et al., 2010b),
one possibility to investigate is that during differentiation, these
cells diverge from the bulk of postselection gd thymocytes,Immunity 35, 59–68, July 22, 2011 ª2011 Elsevier Inc. 65
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Such events might thereby expand the functional pleiotropy of
developmental preprogramming.
EXPERIMENTAL PROCEDURES
Mice
Wild-type (WT) FVB mice (FVB/NHsd) were from Harlan Laboratories; FVB
mice carrying a point mutation in Skint1 gene (FVB/NTac) were from Taconic
Farms; and C57BL/6 mice were from Charles River. Animals were housed in
a conventional facility in individually ventilated cages and used for experiments
at 6–12 weeks of age. For timed pregnancies, mice were mated overnight
and the day of the discovery of the vaginal plug was considered E0. For exper-
iments involving fetal tissues, FVB/NHsd 3 FVB/NTac F1 embryos were used
asWT controls. All experiments were conducted according to UKHomeOffice
regulations.
Antibodies and Flow Cytometry
Antibodies against TCRd (GL3), CD45 (30-F11), CD45RB (C363.16A), Vg5
(536), CD27 (LG.7F9), IL7Ra (A7R34), IL-17A (TC11-18H10.1), NK1.1
(PK136), IFN-g (XMG1.2), rat IgM (HIS40) coupled to appropriate fluoro-
chromes or biotin were from eBioscience, BD, or BioLegend. Biotinylated anti-
bodies were visualized with fluorescently labeled streptavidin conjugates from
the same vendors. 17D1 antibody (rat IgM) recognizing Vg5Vd1 and Vg6Vd1
TCR has been previously described (Mallick-Wood et al., 1998). When cells
are stained directly with 17D1 antibody, it recognizes the combination of
Vg5 and Vd1 chains but does not recognize Vg6Vd1 dimers with high affinity
(denoted as Vg5Vd1 in the text and figure legends). However, prestaining
with TCRd antibody exposes a cryptic epitope in Vg6Vd1 permitting recogni-
tion by 17D1 (used to visualize Vg5Vd1 and Vg6Vd1 cells in Figure 5A).
Nonspecific antibody binding to Fc receptors was blocked by preincubating
cells with the supernatant of 2.4G2 hybridoma. For surface staining, dead cells
were excluded with DAPI; for intracellular cytokine staining, cells were first
stained for surface markers, then stained with Live/Dead Fixable Far-red dye
(Invitrogen) as per manufacturer’s instructions, fixed with 4% paraformalde-
hyde, and thereafter permeabilized and stained for intracellular antigens in
PBS containing 2% BSA and 0.5% saponin. Proliferation of fetal thymocytes
was assayed with the Click-iT EdU flow cytometry kit (Invitrogen), according
to the manual. Samples were acquired with special order LSRII instrument
(BD) equipped with 405 nm, 488 nm, 561 nm, and 633 nm laser lines. Data
were analyzed with FlowJo software (TreeStar). FACS-purified populations
were sorted on a MoFlo sorter (Beckman Coulter) at the Flow Cytometry
Core Facility of London Research Institute.
Cell Isolation
Single-cell suspensions of fetal thymocytes and RTOCs were prepared by
digestion with Accutase (PAA Laboratories) and pipetting to dissociate
remaining aggregates. Epidermal and uterine gd T cells were isolated as
described (Lewis et al., 2006). Adult thymic gd T cells were isolated from
6-week-old C57BL/6 mice. Depletion of CD4+CD8+ double-positive thymo-
cytes was performed with streptavidin magnetic beads (Miltenyi) after staining
with biotinylated antibodies according to manufacturer’s recommendations.
Cell Culture, Media, and Retroviral Transduction of Fetal
Thymocytes
Plat-E packaging cell line (Morita et al., 2000) was cultured in DMEM (Invitro-
gen, Cat. No. 21969) supplemented with nonessential amino acids, 25 mM
HEPES, 50 mM 2-mercaptoethanol, 2 mM L-glutamine, 100 U/ml penicillin,
100 mg/ml streptomycin, and 10% FCS (all supplements from Invitrogen).
Transfection with pMy based retroviral vectors (Kitamura et al., 2003) was per-
formed with PEI (Polysciences, Cat. No. 23966). Transduction of fetal thymo-
cytes and subsequent reaggregated thymic organ cultures were performed as
described (Travers et al., 2001) with minor modifications. In brief, fetal thymo-
cytes were dissociated with Accutase (PAA Laboratories), and single-cell
suspensions were spin-infected with retrovirus-containing supernatant from
Plat-E cells supplemented with 10 mg/ml of Polybrene for 45 min at 30C. After
washing, cells were pelleted by centrifugation, and 1–3 ml of cell pellet was66 Immunity 35, 59–68, July 22, 2011 ª2011 Elsevier Inc.pipetted onto Millicell cell culture insert filter, pore size 0.4 mm (Millipore),
and cultured for indicated time in IMDM (Invitrogen, Cat. No. 21980) supple-
mented with 50 mM 2-mercaptoethanol, 100 U/ml penicillin, 100 mg/ml strep-
tomycin, and 10% FCS. Conventional liquid cultures were conducted with
IMDM medium as above. For cytokine production experiments, cells were
stimulated with 25 ng/ml PMA and 10 mg/ml ionomycin in the presence of
10 mg/ml Brefeldin A (all from Sigma). For stimulation of adult gd T cells with
TCRd antibody, DN-enriched thymocytes were stimulated on plates coated
with 1 mg/ml of GL3 antibody for 16 hr. For thymocyte survival assays, some
cultures were supplemented with 10 ng/ml rmIL-7 (PeproTech). All inhibitors
were from Calbiochem.
RNA Expression Analysis
E15 and E16 Vg5+ fetal thymocytes were FACS sorted with a combination of
Vg5 (536) and TCRd (GL3) antibodies. Total RNA was isolated with RNeasy
Micro Kit (Invitrogen) as per manufacturer’s instructions. For Illumina microar-
ray analysis, purified RNA was amplified and labeled with TotalPrep RNA
Amplification Kit (Ambion) according to manufacturer’s recommendations.
Labeled cRNA was hybridized to MouseWG-6 v2.0 Expression BeadChip at
Sanger Institute Microarray facility (Hinxton, UK). For real-time RT-PCR anal-
ysis RNA was reverse transcribed with SuperScriptII (Invitrogen) by random
hexamers. Quantitative PCR was performed with Power SYBR Green PCR
Master Mix on ABI 7900 or 7500 equipment (Applied Biosystems). Relative
expression is displayed in arbitrary units normalized to Tbp (TATA-box binding
protein) via DDCt method. Primer sequences are available upon request.
Vectors
pMy-IRES-GFP (Kitamura et al., 2003) or pMy-IRES-Plum (kind gift of D. van
Essen, Freiburg) retroviral vectors were used to achieve cDNA overexpression
in thymocytes. Full-length coding regions were amplified by PCR from fetal
thymus cDNA, with the exception of the IkB super-repressor construct (kind
gift of M. Karin, UCSD) and stabilized b-catenin with mutated GSK3b phos-
phorylation sites (kind gift of A. Behrens, LRI), and full-length Egr3 (kind gift
of R. Nicolas, LRI). All inserts were sequenced. Primer and vector sequences
are available upon request.SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures and one table and can be
found with this article online at doi:10.1016/j.immuni.2011.04.018.
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